However, by far the largest approximation in these calculations is the assumption of viscosity which is constant, or only depth-dependent. The viscosity of the Earth's mantle is known to be very strongly temperature dependent, resulting in the formation of rigid surface plates, and strongly modulating the characteristics of other proposed features, such as plumes from the core-mantle boundary. Thus, it is essential to incorporate such rheology into numerical models.
Laboratory experiments have given some insights into variable viscosity convection, but are limited in their applicability to the Earth by the use of rigid boundary conditions, since the mobility ofplates on the Earth suggests that stress-free boundary conditions are appropriate. White [1988] 
where n is the power-law index, e is the strain rate and o0 is a reference stress. This gives Newtonian creep at low stresses, and non-Newtonian creep at high stresses.
The side boundaries are periodic, with top and bottom boundaries being isothermal (T--0 and 1 respectively) and impermeable, and either stress-free or rigid.
Numerical Method
The instantaneous velocity and pressure fields given by (1)-(3) are calculated by a finite difference (control volume) multigrid technique, using primitive variables (y_ and p) on a staggered grid [e.g., Patankar, 1980] . The iterative scheme is extremely robust, converging for almost any viscosity contrast. This scheme is incorporated into a standard multigrid V-cycle [Brandt, 1982; Press et al.,1992] , giving convergence in order (number of points) operations. When stress-dependent viscosity is included, the viscosity field is re-calculated after every V-cycle. Explicit timestepping (equation (4)) is performed using the MPDATA algorithm [Smolarkiewicz, 1984] Table 1 . The remainder of the discussion will focus on convective pattern.
The constant viscosity case (case 1) is illustrated in Figure  1 a. There is a rough symmetry between up-and down-wellings, which both start off as sheets, decaying into plumes as they ascend or descend respectively. The downwellings exhibit greater connectivity in this very weakly time-dependent pattern, reflected in Tmean being slightly lower ,than 0.5; however, this is just by chance, since the equations are symmetric with respect to the vertical coordinate in this case. In small aspect-ratio boxes, stable patterns at this Rayleigh number include 2-D rolls, bimodal flow, and square or hexagonal cells, depending on the box dimensions and initial conditions [Travis et al., 1990 ]. The weakly time-dependent pattern obtained here lies somewhere between these idealized cases, also displaying some characteristics of the spoke pattern.
Case 2 (Figure lb) has temperature-dependent viscosity and rigid boundary conditions. The spoke pattern is observed, as in laboratory experiments [White, 1988] . There is an asymmetry between up-and down-wellings, also noted by Christensen , and strong internal heating, which favors isolated cold plumes [Houseman, 1988] . If taken literally, the upwelling sheets would suggest active deep upwelling below mid-ocean ridges. However, this would seem to contradict various geophysical observables [Davies, 1988b] ; thus the robustness of these features to the above mentioned effects must be tested.
Although linear slab-like downwellings are not obtained, on the Earth these occur almost exclusively at continental margins, suggesting that continents are necessary to obtain slabs. On Venus, the huge quasi-cylindrical downwellings may correspond to plateau-shaped highlands found in e.g., Ishtar Terra or Aphrodite Terra [Bindschadler et al., 1992] .
In these simulations, the upper boundary layer participates in the flow. If the viscosity contrast were increased sufficiently, a 'stagnant lid' would develop [Ogawa et al., 1991] , and the convective pattern might resemble the rigid boundary case, with small cells. However, the mobility of plates on the Earth suggest that this regime is not relevant to Earth dynamics, even though the viscosity contrast over the lithosphere may be extremely large. On Venus, the high surface temperature also raises doubts about the relevance of this regime.
Conclusions
These results show clearly the importance of stress-free boundary conditions and wide domains in understanding mantle convection with temperature-dependent viscosity. Very large cells are formed, with upwelling sheets and downwelling plumes, in contrast to the small-wavelength spoke pattern obtained with rigid boundary conditions. Although deep upwelling below mid-ocean ridges is suggested, the robustness of these patterns to internal heating, depth-dependent properties, spherical geometry and higher Rayleigh number needs to be established.
